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Abstract 

A novel process for the recovery of metal values from a mixture of spent lithium-ion batteries (LIBs) and nickel-metal hydride 
(NiMH) batteries is presented. The iron shells of spent batteries were firstly dismantled using a specially designed dismantling 
machine. Then after the separation of aluminum substrate and electrolyte and the subsequent heating treatment, iron shells and 
metal-mesh substrate in the dismantled substances were effectively separated with a sieve. The powder residues including LiCo0 2 , 
copper oxides, metal nickel and hydrogen storage alloy and their oxides were dissolved using 3 mol L _1 H 2 S0 4 +3 wt.% H 2 0 2 at 
70 °C, S/L =1:15 for 5 h. Finally, rare earths (RE) were precipitated as sodium RE double sulfate, copper was extracted as CuS0 4 
with 10 wt.% Acorga M5640 at pH= 1.5-1.7, cobalt and nickel were extracted as their sulfates with 1 M Cyanex272 at pH=5.1- 
5.3 and 6.3-6.5, respectively. The experimental results showed that the recovery exceeded 94% for all metal values. 

© 2006 Elsevier B.V. All rights reserved. 
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1. Introduction 

Lithium-ion batteries (LIBs) and nickel-metal hy¬ 
dride (NiMH) batteries have played a leading role in the 
portable secondary battery market since their commer¬ 
cialization (Kohler et ah, 2004; Nishi, 2001). Because 
metal values such as nickel, cobalt, copper and rare 
earths (La, Ce, Pr and Nd, shown as RE) and corrosive 
electrolytes are contained in both batteries, recycling of 
spent LIBs, and NiMH batteries has become an urgent 
matter from the viewpoint of environmental protection 
and resource conservation. 
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Up to now, some typical hydrometallurgical and pyro- 
metallurgical processes for the recycling of spent LIBs 
and NiMH batteries have been reported or patented (Han 
and Nan, 2005; Espinosa et al., 2004); Co, Li and Cu are 
usually recovered from spent LIBs (Zhang et al., 1998a,b; 
Kim et al., 2004; Lin et al., 2003; Tanii et al., 2003), and 
Co, Ni and RE or Fe-based alloy are reclaimed from spent 
NiMH batteries (Kleinsorgen et al., 2000; Pietrelli et al., 
2002; Zhang et al., 1999, 1998a,b). In these reported 
hydrometallurgical process, di-(2-ethylhexyl) phosphoric 
acid (D2EHPA), bis-(2,4,4-tri-methyl-pentyl) phosphinic 
acid (Cyanex272), trioctylamine (TOA), diethylhexyl 
phosphoric acid (DEHPA) or 2-ethylhexyl phosphonic 
acid mono-2-ethylhexyl ester (PC-88A) were usually 
used as extractants to separate the metal values. In 
addition, using spent batteries to prepare LiCo0 2 elec¬ 
trode materials (Lee and Rhee, 2003; Contestabile et al., 
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2001; Nan et al, 2004), metal hydride electrodes (Wang 
et al., 2002; Prickett et al., 2001) and Ni-Co alloy (Lupi 
and Pilone, 2002) were also investigated. 

Based on hydrometallurgical processes, we investi¬ 
gated methods for recycling spent LIBs and spent NiMH 
batteries, and metal values and electrode materials in¬ 
cluding Co, Li, Ni, Cu, LiCo0 2 and Ni(OH) 2 were ob¬ 
tained (Nan et al., 2004, 2005, 2006). In the recycling 
process of spent LIBs (Nan et al., 2005), oxalate and 
Cyanex272 were employed to separate Co and subse¬ 
quently synthesize LiCo0 2 electrode material, most 
copper was left as metal strip and the small amount of Cu 
dissolved with H 2 S0 4 was extracted with Acorga M5640 
(hydroxy-oxime derivative). In the recycling process of 
spent NiMH batteries (Nan et al., 2006), the recovered 
NiS0 4 + CoS0 4 solution was employed to synthesize Ni 
(OH) 2 electrode material after the separation of outer 
shells, RE and impurities. However, it was also noticed 
that mixing of these two spent batteries was unavoidable 
during collection, and dealing with the separation of the 
mixed spent batteries was relatively difficult in the prac¬ 
tical treatment process. Because more elements would be 
involved in the target batteries, and the cost and large- 
scale feasibility should also be particularly considered 
for a practicable process, those proposed processes that 
solely reclaimed spent LIBs or spent NiMH batteries 
were unusable for the combined spent batteries and thus 
must be readjusted. 

Considering that metal values of Co and Cu and organic 
LiPF 6 electrolyte, andNi, Co and RE and corrosive alkaline 
electrolyte are contained in LIBs and NiMH batteries, res¬ 
pectively, and some species such as their electrolytes can 
react with each other, a novel process was developed to 
reclaim a mixture of spent LIBs and NiMH batteries. In this 
paper, the pretreatment of spent batteries, and the recovery 
of metal values including RE, Co, Cu and Ni from a mix¬ 
ture of spent LIBs and NiMH batteries are all presented. 

2. Experimental 

2.1. Materials 

The cylindrical spent LIBs and NiMH batteries used 
in this work were kindly provided by Great Power Bat¬ 
tery Co. LTD. The positive electrodes of spent NiMH 
batteries were comprised of formed nickel substrate and 
Ni(OH) 2 active material, the negative electrodes con¬ 
sisted of AB 5 -type hydrogen storage alloy powders and 
iron or copper-mesh substrate. In spent LIBs, LiCo0 2 
and carbon powders were pasted on aluminum foil and 
copper foil as positive and negative electrodes, respec¬ 
tively. The contents of the substances in the two batteries 


were similar to those of the commercial batteries with the 
same size in the market. 

A half of spent LIBs and NiMH batteries were used. The 
commercial extractions Acorga M5640 and Cyanex272 
(di-(2,4,4 trimethyl pentyl) phosphoric acid) were used as 
extractants for the separation of Cu 2+ , Ni 2+ and Co 2+ . Ke¬ 
rosene was used as diluent both for Acorga M5640 and 
Cyanex272. All reagents were utilized as-received without 
further purification. 

2.2. Analysis methods 

The concentrations of various metallic ions in the 
initial solutions and subsequent resultants were all de¬ 
termined by using atomic absorption spectrophotometer 
(model AA320, China). The pH values of the aqueous 
solutions were measured with a pH/mV meter (Model 
DF-801, China). 

3. Results and discussion 

3.1. Separation of the outer iron shells of spent batteries 

The desirable metal values, i.e. Ni, Cu, Co and RE, 
were contained in the inner part of spent batteries, in order 
to separate these elements out, respectively, the outer iron 
shells of spent batteries must be firstly dismantled and 
separated. An especially designed dismantling machine 
was used to accomplish this. The digital image of the 
dismantled substances is shown in Fig. la. It can be seen 
that the inner substances of spent batteries were peeled off 
after the dismantling of battery shells, which is very 
usable to the next separating treatment. 

It was found that self-ignition of the dismantled sub¬ 
stance occurred easily due to the short circuit of two elec¬ 
trodes and the contact of hydrogen storage alloy powders 
with moist air. In addition, the electrolyte of spent LIBs, i.e. 
lithium phosphohexafluoride (LiPF 6 ) dissolved in organic 
solvent, could also react with water and produce dangerous 
gases such as pentafluoroarsenic, pentafluorophosphate 
and hydrogen fluoride. So, the dismantled substances were 
immediately poured into a plastic container with alkaline 
solution after the dismantling treatment. The electrolyte of 
NiMH batteries is corrosive alkaline solution, while an 
acidic solution is produced from LIBs when its organic 
electrolyte contacted with water. Because the alkaline so¬ 
lution had a high concentration, some alkaline solution 
would be left after the acid-base neutralization reaction, 
thus, some of the aluminum substrates of LIBs could also 
be dissolved. The recovery value of aluminum is neg¬ 
ligible, and the introduction of Al 3+ in the next dissolving 
step would go against the separation of metal values (Nan 
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Fig. 1. Digital images of the dismantled substances of spent LIBs and NiMH batteries (a) and the separated iron shells and mesh substrate (b). 


et al., 2004), therefore, the aluminum substrates of LIBs 
were dissolved by adding 10 wt.% NaOH solution. Expe¬ 
rimental results showed that over 98% of aluminum could 
be separated when a solid-to-liquid (S/L) ratio of 1:10 was 
used for 5 h at room temperature, and LiCo0 2 flakes coated 
on aluminum foil were left in the residues after filtration of 
the aqueous solution. 

After the removal of electrolyte and the aluminum 
substrate of LIBs, the residues were heated in a furnace 
(Nan et al., 2006). It was indicated that the separator, plastic 
parts and organic adhesive could be burnt off with a heating 
temperature of 580-630 °C for 5 h in air, and the exhaust 
gas could be innocuously flowed through a filtration de¬ 
vice. At the same time, the active material, i.e. hydrogen 
storage alloy powders on the metal hydride electrodes of 
NiMH batteries, were bmshed off from their metal-mesh 
(i.e. iron-punched and copper-mesh) substrate; the active 
material of nickel electrodes, their formed-nickel substrate, 
and copper substrate of LIBs were also pulverized during 
the heating treatment. This is very important to the next 
step, which means the iron shells and metal-mesh substrate 
could be separated easily from the powder residues with a 
sieve with 1.5 mm aperture. Ever if a little of powder was 
left on the crusts or metal-mesh substrate, watering was still 
useful. The separated iron shells and mesh substrate is 
shown in Fig. lb. 

3.2. Recovery of rare earths with chemical deposition 

To match the next separation operation and based on our 
previous studies (Nan et al., 2004,2005,2006), the powder 
residues obtained above, including LiCo0 2 , metal nickel, 
copper and hydrogen storage alloy and their oxides, were 


dissolved using 3 mol L~ 1 H 2 S0 4 and 3 wt.% H 2 0 2 ,70 °C 
and solid-to-liquid (S/L) ratio of 1:15. The effect of reaction 
time on the dissolution of Co, Ni, and Co is presented in 
Fig. 2. It is seen that the dissolution of powder residues was 
enhanced with the increase of dissolving time, and about 
90% Co, Ni, and Co could be leached out after 5 h. In 
addition, it was also found that the dissolution of mixed RE 
was over 99.5% in 5 h under such dissolution conditions. 
The insoluble material could be put in the posterior batch. 
So, the dissolving time of 5 h was chosen in the given 
process. 

The contents of main elements contained in the pro¬ 
duct solution are given in Table 1. More than 99.5% iron 
was separated using the sieving method above, while the 
main elements in the product solution are the high value 
target metals. This is very convenient and economical 



Fig. 2. Effect of reaction time on the dissolution of Co, Ni, and Co 
using 3 mol L“ 1 H 2 S0 4 and 3 wt.% H 2 0 2 at 70 °C and S/L = 1:15. 
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Table 1 


Contents of main elements in the dissolution product solution of spent LIBs and NiMH scraps obtained with 3 mol L 1 H 2 S0 4 and 3 wt.% H 2 0 2 


Elements 

Cu 

Fe 

Co 

Ni 

Mn 

Li 

Al 

La 

Ce 

Pr 

Nd 

Contents (g L -1 ) 

4.30 

0.054 

16.7 

11.0 

0.53 

1.35 

2.46 

2.39 

1.01 

0.11 

0.41 


with respect to the next separation of metal values. Prac¬ 
tically, although the iron content in the product solution 
changed for the different batches, at least over 98% iron 
could be separated. In addition, with the addition of H 2 0 2 
in the acidic dissolving solution, Fe 2+ was easily oxidized 
to Fe 3+ , and then separated as a precipitate by increasing 
the solution pH above 4.5 in the next treatment. 

Rare earths were recovered by adjusting the pH of the 
dissolution solution, precipitating insoluble double RE 
sulfate salts (Kleinsorgen et al., 2000; Pietrelli et al., 2002; 
Nan et al., 2006). A solution mixture of 6.5 wt.% NaOH 
+ 3.5 wt.% Na 2 C0 3 was used to adjust the pH. The in¬ 
fluence of pH on the precipitation of La and Ce is shown 
in Fig. 3 . It can be seen that the residual contents of La and 
Ce in solution decreased dramatically with increase of pH 
to 1.2. Over 94% of La and Ce (also for Pr and Nd) 
precipitated when pH approached 1.6. Because the other 
elements did not precipitate, the insoluble double RE 
sulfate salts could be recovered by filtration. 

3.3. Separation of Cu, Co and Ni with solvent extraction 

After the separation of RE from the dissolving solu¬ 
tion, the metal values of Cu 2+ , Co 2+ and Ni 2+ were left. 
Acorga M5640 was firstly chosen as extractant for the 
separation of Cu 2+ (Nan et al., 2004,2005; Alguacil et al., 
2002), and then Cyanex272 was used for extracting Co 2+ 
and Ni 2+ under different pH values (Zhang et al., 1998a,b; 
Nan et al., 2004, 2005). 

To obtain the optimum conditions for separating Cu 2+ 
with Acorga M5640, several extraction factors, includ- 
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Fig. 3. The residual contents of La and Ce in the dissolution product 
solution with the increase of pH value. 


ing extractant concentration, reaction temperature and 
time, pH value and O/A phase ratio were investigated. A 
solution mixture of 6.5 wt.% NaOH+3.5 wt.% Na 2 C0 3 
was used to adjust the pH value. Each of the above 
factors was studied with different levels while the other 
factors were fixed. It was found that these factors had 
similar effects on the extraction of Cu 2+ in this solution 
compared with Cu 2+ separation from the mixed solution 
of Cu 2+ and Co 2+ (Nan et al., 2005). Therefore, 10 wt.% 
Acorga M5640 at 1:1 (O/A) phase ratio, room tempe¬ 
rature and 10 min of contact time was selected to separate 
Cu 2+ . 

The extraction behavior of copper with 10 wt.% Acorga 
M5640 at different pH values is shown in Fig. 4. It can be 
seen that 98.5% extraction of Cu 2+ could be obtained when 
pH value of 1.5-1.7 was used; the loaded organic was 
stripped with 2 M H 2 S0 4 at 1:1 (O/A) phase ratio, room 
temperature, and 1 min of contact time. At the same time, 
because of the relatively high contents of Co 2+ and Ni 2+ in 
the pregnant leach solution, a large proportion of Co 2+ and 
Ni 2+ , i.e. about 16.3% and 5.6%, was extracted with Cu 2+ , 
in spite of the high selectivity for copper with Acorga 
M5640. Therefore, the strip product solution was subjected 
to the same extraction operations until the target CuS0 4 
solution reached the expected purity. 

After the separation of Cu 2+ , the pH of the solution 
was then adjusted to 5.1-5.6; over 95% of the remaining 
Al 3+ , Fe 3+ , Cu 2+ and RE was precipitated, which means 
the contents of these elements were reduced to very low 



Fig. 4. The extraction of Cu 2+ , Ni 2+ and Co 2+ with 10 wt.% Acorga 
M5640 at different pH values. 
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Table 2 

Contents of main elements in the recovered CuS0 4 , C0SO4 and NiS0 4 products 


Elements 

Cu 

Fe 

Co 

Ni 

Mn 

Li 

Al 

Zn 

CuS0 4 (%) 

25.1 

0.04 

0.17 

0.02 

0.004 

0.01 

0.03 

0.002 

CoS0 4 (%) 

0.01 

0.05 

20.1 

0.02 

0.005 

0.07 

0.06 

0.03 

NiS0 4 (%) 

0.003 

0.003 

0.430 

20.8 

0.030 

- 

0.005 

0.006 


levels. A solution containing mostly Co 2+ and Ni 2+ was 
obtained. The extraction conditions for Co 2+ and Ni 2+ 
under different pH values were also investigated, and 
similar results with Zhang’s and our previous studies 
(Zhang et al., 1998a,b; Nan et al., 2004, 2005) for this 
system could be obtained. Accordingly, Co 2+ was ex¬ 
tracted with 1 M Cyanex272 (10 wt.% saponification 
ratio) at 1:1 (O/A) phase ratio, using room temperature 
and 1 min of contact time; stripping was conducted with 
a 2 M H 2 S0 4 solution at 1:1 (O/A) phase ratio, room 
temperature, and 1 min of contact time. It was found that 
over 97% recovery of Co 2+ was approached at pH=5.1- 
5.3 after the target solution was separated with Cya- 
nex272 twice and then the stripped solution subjected to 
extraction again. Subsequently, over 96% of Ni 2+ was 
recovered as NiS0 4 through a similar treatment process 
when the pH value of the resulting solution was adjusted 
to 6.3-6.5, and Cyanex272 stripped of Co 2+ was di¬ 
rectly used as extractant. 

The target sulfate salts were obtained after concentrating 
the final stripping solution. From the data presented in 
Table 2, it is indicated that the target resultants CuS0 4 , 
CoS0 4 and NiS0 4 have a high purity, suggesting that these 
recovered products can be used as chemical materials di¬ 
rectly. In addition, it was also shown that the extractants 


Acorga M5640 and Cyanex272 could be recycled after 
stripping with H 2 S0 4 solution, and the basic and acidic 
solutions produced in the course of the treatments could be 
reused or treated innocuously by mixing them together and 
then adjusting their pH values to neutral solution. 

4. Conclusions 

To sum up, an overall flow chart for reclaiming metal 
values from a mixture of spent LIBs and NiMH batteries 
based on a hydrometallurgical process is presented in 
Fig. 5. 

The experimental results have demonstrated that over 
94% metal values including RE, Co, Cu and Ni could be 
recovered from the mixture of spent LIBs and NiMH 
batteries under the proposed conditions. Acorga M5640 
and Cyanex272 extractants could be recycled after strip¬ 
ping with sulfuric acid, which means the production cost 
would be decreased dramatically. The product CoS0 4 and 
NiS0 4 could be used as precursors to synthesize LiCo0 2 
and Ni(OH) 2 electrode materials, proposing a possibility 
of cyclic use of metal values in LIBs and NiMH batteries. 
It is considered that the given process is environmentally 
acceptable and is applicable to a large-scale recycling 
treatment. 


Spent LIBs and NiMH batteries 

* 



Fig. 5. Proposed flow chart for the recovery of metal values from the mixture of spent LIBs and NiMH batteries. 
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